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Abstract: Aggregate is the basic component of concrete,
and its shape and surface properties largely determine
the mechanical properties and durability of concrete. In
order to further study the mesoscopic influence of aggre-
gate shape on concrete interfacial phase, this study focuses
on two aggregate shapes, circular and polygonal, and the
elastic modulus and hardness of interfacial phase of speci-
mens with different aggregate shapes were obtained by
nano-indentation technology, and the mesoscopic compo-
nent partition was quantified. Based on Gaussian statistical
theory, the distribution model of nanomechanical proper-
ties of each phase was established, and the influence of
aggregate shape on mechanical properties was studied by
SEM test. The results show that (1) The width of the inter-
facial zone of natural rounded aggregate (~50 pm) is slightly
smaller than that of polygonal aggregate (~60 um), and the
modulus of elasticity and hardness of the interfacial zone
corresponding to the rounded aggregate (e.g., interfacial
transition zone (E,H) ~ (23.65 GPa, 0.9 GPa)) are larger than
that of the interfacial zone of polygonal aggregate (interfa-
cial transition zone (E,H) ~ (21.66 GPa, 0.73 GPa)), indicating
that the micromechanical properties of the interfacial zone
of the circular aggregate are better than those of the poly-
gonal aggregate; (2) The hydration products in the transition
zone of the interface of different shapes of aggregates are
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interfacial properties

almost the same, indicating that the influence of the shape
of aggregates on the performance of concrete is mainly due
to its own geometric characteristics. Based on the findings of
the study, the direction of future research can focus on
modeling with further refinement of the influence of aggre-
gate shape parameters, such as shape factor and surface
roughness, on the performance of concrete, so as to facilitate
more accurate prediction and regulation of the performance
of concrete. This study provides theoretical references for
the design of aggregate proportioning and the simulation
technology of fine data values in actual projects, and also pro-
vides theoretical basis and technical support for the standardi-
zation and performance evaluation of concrete materials.

Keywords: aggregate shape, Gaussian mixture model, nano
indentation technology, SEM test, nanomechanical properties

1 Introduction

At the meso-level, concrete is generally considered to be a
heterogeneous composite composed of coarse aggregate,
cement mortar, and the interface transition zone (ITZ)
between the two, and the properties of each of its phase
materials affect the mechanical properties of concrete.
Studies have shown that coarse aggregate has a great influ-
ence on the various mechanical properties of concrete [1].
The shape of the coarse aggregate will cause stress concen-
tration in concrete, resulting in cracks on the macroscopic
surface of concrete and changes in meso-structure [2]. The
transition zone between coarse aggregate and interface of
concrete composites tends to be prone to larger micro-
cracks, while the water absorption of concrete is closely
related to the structure of the cement matrix and the ITZ
area. It was found by Golewski [3] that the composition and
modification of the binder will make the composite struc-
ture more homogenized, which can effectively inhibit the
initial internal damage of concrete, and it was found that
the addition of a moderate amount of coal fly ash (FCA) can
effectively improve the durability of the concrete structure
under water immersion conditions [4], while an increase
in the content of FCA leads to a significant change in the
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process of fracture of the concrete structure [5]. Concrete
coarse aggregate is usually natural aggregate and artificial
aggregate. Natural aggregate due to natural weathering and
erosion has usually smooth surface, with round or oval,
while artificial aggregate is machined into polygons. It is
generally believed that with the increase in coarse aggregate
content, the more coarse aggregate has a shape close to
sphere or regular polyhedron, the more obvious and favor-
able the growth of compressive strength and elastic mod-
ulus of the concrete is [6]. The more irregular and rough the
shape and surface texture of the coarse aggregate, the
greater the porosity, the better the permeability, and the
worse the durability of the concrete in the ITZ [7-10]. In
the process of concrete mix ratio design or engineering
design of hydraulic engineering, how to reasonably select
coarse aggregate is an engineering problem and a scientific
problem, and studying the influence of aggregate shape on
concrete has become an important work.

In the past, researchers mainly used macroscopic tech-
nical means to discuss the influence of aggregate on con-
crete. Shi et al [11] showed that the type and shape of
aggregate had an impact on the distribution of elements
inside the concrete, and the thickness of the ITZ was also
different, and the higher the concentration of Ca(OH), in
the ITZ, the greater the thickness and the worse the
mechanical properties. Yehia et al. [12] used two kinds of
natural aggregate and two kinds of lightweight recycled
aggregate for concrete mixing, studied the influence of aggre-
gate type and shape on the compressive strength of concrete
at different ages, and adopted the statistical method of
hypothesis testing, and the test results showed that the type
and shape of aggregate had significant influence on the com-
pressive strength and elastic modulus. Wu et al [13] con-
ducted a 28-days compressive test, and the test results showed
that under the same water-binder ratio, the aggregate type
had no obvious influence on the ordinary concrete, but had a
significant influence on the compressive strength of high-
strength concrete.

The nanoindentation technology provides a new
channel for exploring the connection between the microme-
chanical properties and the macroscopic mechanical prop-
erties of concrete. Velez et al. [14] and Ulm et al [15,16]
calculated and analyzed the indentation elastic modulus
and hardness of each phase component in the microstruc-
ture of concrete materials by using mathematical statistics
method through nanoindentation test. Wu [17] used nano-
indentation test to test the change in elastic modulus of each
phase component of concrete under freeze-thaw conditions.
Zhou et al [18] studied the microstructure and formation
mechanism of cement-based materials by using nanoinden-
tation testing technology, and the results showed that the
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differences of hydration products in cement slurry were
caused by the composition of cementing materials, water-
binder ratio, and hydration age. Smerdova et al. [19] ana-
lyzed the indentation cycling behavior of polymers and
solved the problem of the time dependence of the para-
meters involved by evaluating the instantaneous elastic
modulus of the polymer, the dissipative behavior, and the
evolution of the ratchet. However, there are relatively few
studies on the effect of aggregate shape on the microscopic
damage of concrete, and its macroscopic mechanical proper-
ties are determined by the internal fine structure, and the
macroscopic failure behavior is also due to the accumula-
tion and development of its damage at the fine level [20,21].
Therefore, this work adopts the nanoindentation test tech-
nique to carry out microscopic tests on specimens with dif-
ferent shapes of aggregates, and uses the Gaussian mixture
model deconvolution method to compute the nanoindenta-
tion test data and analyze the micromechanical character-
istics of the aggregates; SEM test material phase analysis is
carried out to study the effects of two different shapes of
natural aggregates, circular and polygonal, on the interfacial
phases of concrete.

2 Test method principle

2.1 Principle of nanoindentation test

The working principle of the nanoindentation test is to
measure the magnitude of the force of the indenter during
indentation and the displacement of the indenter into the
surface of the sample, and then record these data in real
time, so as to obtain the load—displacement curves (P—h
curves) of the tested material, and then by analyzing the
mechanical response relationship contained in the P-h
curve data, establish the corresponding mechanical model
to identify and analyze a variety of mechanical parameters
of the tested material [22].

The hardness H of the material measured can be
obtained from the ratio of the maximum load to the pro-
jected contact area as in Equation (1) below:

Fmax
H= A m
where is the maximum load and A, is the projected contact
area. For the indenter with specific geometry, there is a
functional relationship between the projected contact area
and the contact depth h.. For the Berkovich indenter used
in this test, the area function is shown in Equation (2).
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A = 24.56 x h2. 2

Meanwhile the contact depth h, can be obtained from
the load-displacement result, which is calculated as shown
in Equation (3).

he=h-eg, )
where ¢ is a constant related to the indenter geometry, and
for the Berkovich indenter used in this test, € is 0.75 and S
is the contact stiffness.
The modulus of elasticity of the measured material can
be calculated using Equation (4).
-1

1 _ (1 - Uiz) (4)

E, E;

E=(Q1- 02)[

where v denotes the Poisson’s ratio of the measured mate-
rial, for cement-based materials, v takes the value of 0.2; E;
and v; denote the elastic modulus and Poisson’s ratio of the
indenter, for the diamond indenter, E; takes the value of
1,114 GPa, v; takes the value of 0.07; and E, is the indenta-
tion modulus, which is calculated based on the theory of
elastic contact, and is shown in Equation (5).

T
- 2BJAc

Ey

S. (5)

2.2 Deconvolution methods for Gaussian
mixture models (GMM)

The deconvolution method of GMM was used to process
and analyze the data of nano test. Based on the method of
statistical mechanics, the mechanical property parameters
X; = (E, H) of each phase of the specimen should conform to
normal distribution or Gaussian distribution [23], and is
shown in Equation (6).

(G - ﬂj)z
20}

fi06 , 0f) = : , (6)
0;

Nz

where, x; is the indentation modulus of elasticity or hard-
ness; 4; is the sample mean, y; = %Ziilx,-; sz is the sample
J

exp

Table 1: Test mix ratio
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; 2 LN ;
variance, oj = _1Z=1(Xi uj), and N; is the number
of all test points corresponding to j-th in the sample

data.

3 Test

3.1 Preparation of test materials and
specimens

3.1.1 Test materials

The test materials are P - O 42.5 ordinary Portland cement
and grade I fly ash from Henan Yulian Power Plant, the
gravel material in the coarse aggregate is natural pebbles
from a river bed in Xuchang, after artificial screening, the
particle size is 5-31.5 mm, the bulk density is 1669.3 kg/m>,
and the aggregate can be cut to form polygonal aggregate.
Because the microscopic test has high requirements on the
test surface, and in order to compare the influence of
aggregate on the interface area, a single aggregate paste
sample was prepared for the test. The test is shown in
Table 1.

3.1.2 Specimen preparation

In order to facilitate the observation of the interface
between the different aggregates and the net slurry, and
to reduce the high degree of damage to the specimens
during the polishing process, the regular rounded gravel
and irregular polygonal crushed stone aggregates were cut
into flatter planes in advance, as shown in Figure 1. This
treatment reduces the discrete nature of the data and thus
reduces the interference of the specimens themselves in
the test results [24]. Adopting the method of specimen pre-
paration from literature [25] (1) before the test, the pebbles
were cut and polished, and their mass was controlled to be
10.5 g, and the polished aggregate was cleaned, saturated,
and face-dried; (2) then the saturated and face-dried aggre-
gate was mixed with the required cement and fly ash for
1min; (3) 50% of the required water was added, and the

Classification Water-binder ratio Cement (kg/m3)

Fly ash (kg/m?) Water (kg/m?) Aggregate shape

A 0.4 70
B 0.4 70

20 36
20 36

Circle
Polygon
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Figure 2: Sample after demolding.

Figure 3: Metallographic polishing machine.

Figure 4: Sample after polishing.
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mixture was stirred for 1min; (4) finally, the remaining
water was added to the mixture and the stirred for 2 min,
the stirred mixture was loaded into a cylindrical mold with
the size of @ 30 mm x 20 mm (one aggregate was put into
each mold), placed on the shaking table for 2min, and
placed in a room at 20 + 5°C for 24 h after demolding. The
demolded specimens are shown in Figure 2, and finally the
specimens were placed in the standard curing room for the
standard curing.

7d age specimens into the anhydrous alcohol soaked
for 2d, and then sequentially in the 400-5000 mesh sand-
paper on the coarse grinding (coarse grinding method to
follow the “8” method). In order to ensure that the top and
bottom sides of the specimen are parallel to each other and
to make the contour of the aggregate in the specimen more
visible, the specimen is polished and fine ground on the
ZMP-1000 metallographic grinder (Figure 3). During the
grinding process, the faucet was turned on at the same
time and the specimen was rinsed with running water.
The abrasive paper was selected in order of 1,000 mesh,
1,500 mesh and 2,000 mesh for grinding. Then, the speci-
mens were further finely ground and repeatedly polished
using 1 um and 0.5 pm diamond polishing solutions until a
mirror-like smooth surface was obtained, as shown in
Figure 4. Finally, the polished specimens were ultrasoni-
cally cleaned with the ultrasonic cleaner in Figure 5, and
the cleaning time was set to 4 min, in order to remove the
particles and powders that might be attached. It is also
necessary to ensure that the surface roughness of the
polished specimen is within 100 nm.

3.2 Nanoindentation test

The number of indentation points has an effect on the
analysis of Nanoindentation test data. When the number
of indentation points is greater than 225, the test data are
more stable [26]. The number of indentation points in the
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Figure 5: Ultrasonic cleaning machine.

test is 30 x 10 rectangular lattice (along the vertical aggre-
gate direction, the distance between the two points is
10um; along the direction of parallel aggregate, the dis-
tance between the two points is 30 um), and the lattice
area is selected at the junction of aggregate and paste, as
shown in Figure 6. The test was completed on the Nano
Indenter G200 nanoindentation instrument to obtain the
elastic modulus E and hardness H of each point. The max-
imum load of the test is 500 mN, the single point loading
time is 25, the load holding time is 10s, and the cycle is
five times to eliminate the micro creep and thermal drift
effects [27].

3.3 Scanning electron microscope (SEM) test

Hitachi SU8000 series ultra-high resolution field emission
scanning electron microscope SU8020 combined with high-
performance HORIBA EX-350 was used to characterize
the phase of the ITZ of different aggregate shapes, and
the influence of aggregate shapes on the hydration pro-
ducts in the clean pulp was analyzed. The specimen after
the nanoindentation test is cut into a sample containing

Figure 6: Schematic diagram of nanoindentation experiment.
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aggregate and interface, dried in a drying oven, fixed on
the conductive glue on the sample base, and coated with
gold coating for testing.

4 Results and mechanism analysis

4.1 Influence of aggregate morphology on
interface parameters

Due to the high precision requirements of the microscopic
test, the test environment and other factors lead to invalid
data in the results, the number of invalid points in the two
groups of nanoindentation data is 11 and 17, respectively,
accounting for 3.6 and 5.6% of the total number of indenta-
tion points, and the data are reasonable and reliable. After
the anomalous points were eliminated in the process of
data collation, the average value of the data adjacent to
the right and left sides of the anomalous points was taken
to fill in, and the change in the modulus of elasticity and
hardness of different aggregate shapes from the distance of
the surface of the aggregate were plotted and clouded in
Figures 7 and 8, respectively.

It can be seen from (a) and (c) in Figures 7 and 8 that
the elastic modulus and hardness decrease first and then
tend to be uniform and stable as the distance from the
surface of the circular aggregate increases. The elastic
modulus and hardness decrease sharply when the distance
from the surface of the circular aggregate is about 015 pum.
In the range of 15-50 um from circular aggregate, the
decreasing trend of elastic modulus and hardness slows
down. The micromechanical parameters tend to be stable
in the range of 50-180 um. According to (b) and (d) in
Figures 3 and 4, as the distance from the surface of the
polygonal aggregate increases, the modulus of elasticity
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Figure 7: Graph of the distance between elastic modulus and hardness of different aggregate shapes and aggregate surface. (a) Elastic modulus at
different distances from circular aggregate. (b) Elastic modulus at different distances from polygonal aggregate. (c) Hardness at different distances
from round aggregate. (d) Hardness at different distances from polygonal aggregate.

and hardness show a decreasing then increasing and
finally leveling off trend. When the distance from the sur-
face of the polygonal aggregate is about 0-20 um, the
elastic modulus and hardness drop sharply and reach the
minimum at about 20 pm. When the distance from poly-
gonal aggregate surface is about 20-60 um, the elastic mod-
ulus and hardness begin to increase. The micromechanical
parameters tend to be relatively constant in the range of
60-200 um from the surface of polygonal aggregate.
Zheng et al. [28] established a model of ITZ thickness and
cement volume density using stereology method, and obtained
that ITZ thickness of ordinary concrete is 20-56 um. Chen et al.
[29] quantitatively calculated the ITZ of cement composites

with the help of the proximity function formula, and obtained
that the thickness of the ITZ was less than 100 pm. According
to the meso-zoning of concrete in Figures 7 and 8, the spe-
cimen is divided into three phases: aggregate, clean pulp, and
ITZ. As can be seen from the figure, the interfacial zone of
circular aggregate is relatively insignificant, about 50 ym
around aggregate, while the interfacial zone of polygonal
aggregate is about 60 um around aggregate. The above
micro-mechanical property data of aggregate regions with
different shapes were statistically calculated, and the micro-
mechanical property frequency curve of each phase and the
table of mechanical properties of each phase were drawn, as
shown in Figure 9 and Table 2.
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It can be seen from Figure 9 and Table 2 that the
frequency distributions of elastic modulus and hardness
between the interface of the specimen of circular aggregate
and that of the specimen of clean aggregate are concen-
trated, with a small degree of dispersion, while the frequency
distributions of elastic modulus and hardness between the
interface of the specimen of polygonal aggregate and that
of the pure paste are relatively dispersed, with a large degree
of dispersion. By Gaussian fitting, the locations of the elastic
modulus and hardness peaks of the aggregate, clean pulp,
and ITZ of the circular aggregate specimen are (45.19 GPa,
2.19 GPa), (18.99 GPa, 0.7 GPa), and (23.65 GPa, 0.9 GPa), respec-
tively. However, the locations of the elastic modulus and hard-
ness peaks in the aggregate, clean pulp, and ITZ of polygonal
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Figure 8: Cloud map of the distance between elastic modulus and hardness of different aggregate shapes and aggregate surface. (a) The change in
elastic modulus of circular aggregate specimen. (b) The variation in elastic modulus of polygonal aggregate specimen. (c) Cloud diagram of hardness
variation of round aggregate specimen. (d) Cloud diagram of hardness variation of polygonal aggregate specimen.

aggregate specimens are (44.33 GPa, 2.1 GPa), (25.93 GPa,
1.06 GPa), and (21.66 GPa, 0.73 GPa), respectively.

The above results show that the elastic modulus and
hardness of the interfacial phase of the circular aggregate
specimen are slightly greater than the elastic modulus and
hardness of the interfacial phase of the polygon aggregate
specimen, and the interface area is relatively uniform. In
contrast, the interfacial phase parameters around the
polygon aggregate are uneven due to aggregate character-
istics, and the interface area is relatively obvious, indicating
that the micromechanical parameters of the interfacial
phase of the circular aggregate are better. Existing research
work has shown [30,31] that the larger the volume fraction
of coarse aggregate, the more significant the effect of coarse
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Figure 9: Frequency curves of nanomechanical properties of each phase with different aggregate shapes. (a) Frequency curve of elastic modulus of
each phase of circular aggregate specimen. (b) Frequency curves of elastic modulus of each phase of polygonal aggregate specimen. (c) Hardness
frequency curve of each phase of circular aggregate specimen. (d) Hardness frequency curve of polygonal aggregate specimen.

Table 2: Mechanical properties of each phase based on nanoindentation test

Aggregate shape Nanomechanical properties Aggregate Clean pulp Interfacial transition region
u o u o u o
Circle E/GPa 45.16 6.43 18.98 3.13 237 272
H/GPa 22 0.45 0.7 0.21 0.88 0.21
Polygon E/GPa 44.29 5.85 25.99 418 221 4.16
H/GPa 2.08 0.59 1.06 0.35 0.73 0.29

aggregate shape on the modulus of elasticity, jade strength
and compressive strength of concrete, and that spherical
and ortho-polyhedral aggregates are more conducive to
the improvement of the mechanical properties of concrete

Irregularly shaped aggregates are more likely to produce
more crystalline cracks than round aggregates.

The characteristic values of elastic modulus and hard-
ness of each phase of the specimen processed by
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Table 3: Microscopic parameters
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Aggregate shape Nanomechanical properties Aggregate Clean pulp Interfacial transition region
Circle E/GPa 45.19 18.99 23.65

H/GPa 2.19 0.70 0.90
Polygon E/GPa 44.33 25.93 21.66

H/GPa 2.10 1.06 0.73

deconvolution analysis are shown in the following Table 3.
The convolution data in the table are consistent with the
nanomechanical properties of each material phase in the
microstructure of the literature [32], which side by side proves
the reasonableness of the interfacial zoning in this paper.

4.2 Influence of aggregate morphology on
interfacial phase

In order to further compare the influence of aggregate
properties on the interface, 1,000-fold electron microscope
scanning was performed on the interfacial region of dif-
ferent aggregates.

It can be observed from Figure 10 that, at the hydra-
tion age of 7 days, the micro-surface morphologies of speci-
mens with two different aggregate shapes are basically
similar, and obvious hexagonal lamellar CH crystals and
flocculent C-S-H gels are formed on the surfaces, so the
aggregate shape has no significant influence on the gen-
eration of hydration products in the transition zone of the
interface of specimens. Meanwhile, based on the results of
nano-indentation test above, it can be seen that the elastic
modulus and hardness of the ITZ of natural circular aggre-
gate specimen are slightly higher than those of polygonal
aggregate specimen, which is caused by the geometric
characteristics of aggregate itself, and has nothing to do
with physical and chemical factors.

(d)

Figure 10: SEM images of the interface of aggregates with different shapes. (a) Circular aggregate interface SEM-1. (b) Circular aggregate interface
SEM-2. (c) Polygonal aggregate interface SEM-1. (d) Polygonal aggregate interface SEM-2.
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5 Conclusion

In order to explore the influence of different aggregate
shapes on the interface region, this work uses nanoinden-
tation and electron microscopy scanning to carry out
micromechanical properties and phase tests on aggregate
specimens of different shapes, and quantifies the width of
the interface area and micromechanical parameters, ana-
lyzes the influence of aggregate shape on the interface
area, and reveals the influence mechanism of aggregate
shape on the interface region from the microscopic per-
spective, and the main conclusions are as follows:

1) Through the nanoindentation test, the interface area of
the round aggregate specimen and the interface area of
the polygon aggregate specimen were visually divided,
and the width of the circular aggregate interface area
was about 50 um from the aggregate surface, while the
width of the polygon aggregate interface area was about
60 um from the aggregate surface, which was slightly
larger than the circular aggregate interface area, indi-
cating that the aggregate shape had a certain influence
on the formation of the interface area width.

2) Gaussian fitting was performed on the microscopic
experimental results to obtain micromechanical para-
meters. The analysis showed that the elastic modulus
and hardness of the interface area of the circular aggre-
gate specimen were better than those in the interface
area of the polygon aggregate specimen, indicating that
the circular aggregate had a positive effect on the for-
mation of the interface area, and the micromechanical
properties of the interface area were better.

3) Through the phase analysis of SEM test, it was ochserved
that obvious hexagonal sheet layered CH crystals and
flocculent C-S—-H gels were formed at different aggre-
gate shape interfaces, indicating that aggregate shape
had no significant effect on the hydration products in the
transition zone of the specimen interface. Therefore, the
difference in the width of the interface area and microme-
chanical parameters of specimens of different aggregate
shapes is mainly determined by the geometric character-
istics of the aggregate itself. It provides reference signifi-
cance for the development of microscopic theory of gelling
sand gravel.
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